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Introduction:  S-type asteroids are believed to be 
parent bodies of ordinary chondrites [1]. Although 
both S-type asteroids and ordinary chondrites contain 
the same mineral assemblage, mainly olivine and py-
roxene, the reflectance spectra of the asteroids exhibit 
more overall depletion (darkening) and reddening, and 
more weakening of absorption bands relative to the 
meteorites. This spectral mismatch is explained by 
space weathering process, where high-velocity dust 
particle impacts should change the optical properties of 
the uppermost regolith surface of asteroids.  

In order to simulate the space weathering, we ir-
radiated nanosecond pulse laser beam onto pellet sam-
ples of olivine (8.97wt% FeO) and pyroxene (enstatite: 
9.88wt% FeO, hypersthene: 16.70wt%). We got spec-
tral changes in our samples similar to that by space 
weathering on asteroids [2, 3] and confirmed nano-
phase -metallic iron particles, which were theoreti-
cally predicted [4, 5], not only on olivine but also on 
pyroxene samples by Transmission Electron Micros-
copy (TEM) [3,6]. Nanophase metallic iron particles 
were widely scattered throughout the amorphous rims 
developed along the olivine grains, whereas they were 
embedded in aggregates of amorphous in enstatite 
samples. Recently, We also measured laser-irradiated 
samples by ESR (Electron Spin Resonance). Strong 
ESR signals, characteristic to nanophase iron particles, 
are observed on irradiated olivine samples [7].  In this 
paper, we report the quantities of nanophase metallic 
iron particles in pyroxene samples by ESR observa-
tions in addition to olivine samples. 

Experiments: To simulate space weathering, we 
use a solid-state Nd-YAG pulse laser beam (1064nm, 
20Hz, 30mJ) with pulse duration of 6-8 nanoseconds, 
which is comparable with real dust impacts [2]. The 
focused beam was 500 m in diameter. We irradiated 
pellet samples (2cm in diameter) of olivine and pyrox-
ene powders (<75 m) under a vacuum at 2-3x10-5 torr. 
After laser irradiation, bi-directional reflectance spec-
tra of samples were measured; spectrum range 250-
2500nm was recorded at every 5nm [8]. ESR signals 
of the surface of  laser-irradiated samples were meas-
ured using an ESR imaging device nondestructively 
[9]. Measurements were performed using a cylindrical 
TE111 mode cavity with an aperture diameter of 3mm. 
The intensities were measured at room temperature 

with a microwave power of  P = 3mW, microwave 
frequency f = 9.294 GHz. Field modulation at 100 kHz 
was about 0.1 mT on the aperture area. 

ESR observation: Olivine samples: Intense ESR 
signals derived from nanophase metallic iron particles 
are observed in all irradiated samples, though the non-
irradiated sample shows no ESR signal (Fig. 1) [7]. All 
samples have the characteristic g-value (spectroscopic 
splitting factor) 2.10 0.03  resonance, which are very 
close to the g-value in lunar materials arising from 
metallic iron (g-value = 2.12 0.05) [10, 11]. The mean 
peak-to-peak linewidth is 70mT. ESR spectral shapes, 
g-value and strong intensities suggest the origin of this 
signal is nanophase metallic iron particles, which were 
confirmed by TEM. The ESR intensities of the olivine 
samples strengthen clearly with increasing irradiation 
times. These results suggest that the amount of nano-
phase metallic iron particles in olivine samples in-
creases at higher space weathering degree. The ESR 
intensities are not in proportion to the irradiation times, 
because nanophase metallic iron should be evaporated 
and condensed on the samples over and again with 
repetitive laser irradiations.  

Pyroxene samples: Fig. 2 and Fig. 3 show ESR re-
sults of hypersthene and enstatite samples, respectively. 
Both samples represent clear ESR signals derived from 
nanophase metallic iron particles like olivine samples. 
In hypersthene samples, g-value is 2.10 0.1 and the 
mean peak-to-peak linewidth is 64 mT. Enstatite sam-
ples show g-value = 2.07. Enstatite samples including 
the non-irradiated one also show ESR signals derived 
from magnetite, which is contained in the samples as 
contaminations. In both samples, the ESR intensities 
clearly increase with irradiation times, but the intensi-
ties of the ten-times irradiated samples is almost close 
to those of the five-times irradiated one. This suggests 
the amount of nanophase iron particles does not 
change between five and ten-times irradiation. 

Discussion: Fig. 4 shows the relation between rela-
tive amounts of nanophase metallic iron particles and 
reflectance change of each sample. In olivine samples, 
the amount of nanophase iron particles increase from 
five-times to ten-times irradiation, whereas the reflec-
tance change is very small between five and ten-times 
irradiaion. In pyroxene samples, hypersthene samples 
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that contain more FeO contents than enstatite generate
more nanophase iron particles relative to enstatite 
samples at the same irradiation times. Between five-
times and ten-times irradiations in both of hypersthene
and enstatite, the difference of not only the amount of 
nanophase iron particles but also the reflectance
change are very small.

Fig. 4 also shows that more nanophase metallic
iron particles are produced on olivine samples than
pyroxene samples. Moreover, when the content of the
nanophase iron particles is equal, the spectra change of 
olivine samples is larger than those of pyroxene sam-
ples. This suggests that the reflectance spectra are af-
fected not only by the amount of the nanophase metal-
lic iron particles but also by the difference of their oc-
currence-form. The reflectance spectra of laser-
irradiated olivine grains covered with the amorphous
rim included the nanophase iron particles may change 
largely relative to those of pyroxene samples, which
contain the amorphous aggregates embedded the
nanophase iron particles, not the amorphous rim [6].

Conclusions: Amounts of nanophase metallic iron 
particles increase at higher space weathering degree in 
not only olivine samples but also pyroxene samples.
Olivine is easier to occur nanophase metallic iron par-
ticles than pyroxene. Reflectance changes relative to 
the amount of nanophase metallic iron particles be-
come moderate at higher space weathering degree in
olivine samples. Amounts of nanophase iron particles
change hardly at higher space weathering degree in 
pyroxene samples. Not only the amount of nanophase
iron particles but also the difference of their occur-
rence-form may affect the changes of the reflectance
spectra.
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Figure 1-3: ESR spectra of olivine, hypersthene and 
enstatite, respectively. All irradiated samples show
uniquely ESR signals derived from nanophase iron
particles. Figure 4: Relation between reflectance 
change and  relative amounts of nanophase iron parti-
cles of each sample. The vertical axis shows reflec-
tance scaled to that of the non-irradiated sample at 550
nm. Each number beside a plot is irradiation time.
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